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Abstract.

Recently, two-dimensional materials have been extensively studied. Due to the
reduced dielectric screening and confinement of electrons in two dimensions, these
materials show dramatically different electronic and optical properties from their bulk
counterparts. So far, studied on two-dimensional materials have mainly focused on
crystalline materials. Here we report studies of atomically thin amorphous black
phosphorus, as the first two-dimensional amorphous material. Spatially and temporally
resolved pump-probe measurements show that large-area and uniform atomic layers of
amorphous black phosphorus, synthesized at low temperature, possess a long exciton
lifetime of about 400 ps, a room-temperature exciton diffusion coefficient of 5 cm?
s~1, which is at least two orders of magnitude larger than amorphous silicon, and an

-1

exciton mobility of about 200 cm? V=1 s=! . We also deduce from these values an

exciton mean free time of 50 fs, a mean free path of 5 nm, and a diffusion length of
450 nm. These results suggest that amorphous black phosphorus can be potentially
used in low-cost optoelectronic devices.
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1. Introduction

Amorphous solids are an important type of material. In such noncrystalline solids,
the arrangement of atoms has no long-range order. The absence of periodicity usually
results in electronic states with fuzzy boundaries, allowing them to possess properties
that are distinctly different from their crystalline counterparts. Furthermore, fabrication
of amorphous materials is of low cost, making them attractive for many applications.
For example, amorphous silicon dioxide is used as the gate dielectric in the silicon
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electronics industry. Amorphous silicon is widely used as an active layer in photovoltaic
devices [1] and thin-film transistors [2]. Transparent thin-film transistors with mobilities
exceeding 10 cm? V~1 7! fabricated with amorphous In-Ga-Zn-O has been reported [3].
Tin-based amorphous oxides have been used for high capacity lithium-ion-storage [4].
Amorphous iron can be used as a catalyst for the hydrogenation of carbon monoxide [5],
while amorphous metal-oxide films can serve as an oxygen evolution reaction catalyst
[6].

So far, studies of amorphous solids have mostly focused on bulk materials. Recent
developments in the research of two-dimensional (2D) crystals have revealed that these
atomically thin materials can have significantly different properties from their 3D
counterparts, offering a new way to develop functional materials [7, 8, 9, 10]. Since
the origin of these major differences, like the confinement of electrons in 2D systems
and the lack of dielectric scattering of the Coulomb interactions, are not unique to
crystalline materials, it is interesting to investigate 2D amorphous materials.

Here we report a study on photocarrier properties in amorphous black phosphorus
(a-BP) atomic layers. Recently, BP has gained significant interest as a new two-
dimensional (2D) material [11]. Much of this attention has been drawn by its layered
2D nature when synthesized in its crystalline form, making it viable for many of the
potential van der Waals crystal applications. Ultrathin and even monolayer BP, known
as phosphorene, have been successfully fabricated from bulk crystalline BP [12] and
have shown novel quantum confinement effects [13, 14]. Several studies have shown that
[15, 16, 12, 17, 18] the energy band gap of BP increases dramatically from the bulk value
of 0.35 eV as the thickness approaches the monolayer limit, making it an attractive
material for optical applications [19, 20]. Previous studies have also shown superior
charge transport properties in ultrathin BP films [21, 22, 12, 23, 24, 21, 25, 26, 27, 28, 29].
However, these studies are all focused on crystalline BP. In 2015, some of us, along with
co-workers, reported the first successful fabrication of amorphous black phosphorus (a-
BP) ultrathin films [30]. Wafer scale a-BP ultrathin films were fabricated by pulsed
laser deposition (PLD) at low temperature [30]. Field effect transistors fabricated with
2-nm films show field effect mobilities of 14 cm? V~! s7! and on/off ratios of about 100,
revealing the potential applications of this material for thin-film transistors.

In this work, we show that large-area and uniform atomic layers of amorphous black
phosphorus, synthesized at low temperature, have a high exciton diffusion coefficient and
a long exciton lifetime. Temporally and spatially resolved pump-probe measurements
revealed that in 2-nm a-BP ultrathin films excitons have a diffusion coefficient of about 5
cm? s71, which is at least two orders of magnitude larger than amorphous silicon, a long
exciton lifetime of about 400 ps, and a long exciton diffusion length of about 450 nm.
These results suggest potential applications of this material for low-cost optoelectronic
devices.
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2. Sample Fabrication and Characterizations

Amorphous black phosphorus ultrathin films were synthesized on Si substrates with a
300-nm oxide layer by PLD. A black phosphorus crystal (Smart-Element) was used as
the target. The growth temperature was set at 150 °C and the base pressure of the
chamber was evacuated to around 1.5 x 10~7 Torr. Three samples were fabricated, with
nominal thicknesses of 2, 5, and 10 nm, according to previously established relation
between the film thickness and the synthesis conditions [30]. Due to the instability of
BP in air, a thin layer of Poly(methyl methacrylate) (PMMA) was applied to protect
the a-BP films.
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Figure 1. Structural characterization and optical properties of the a-BP thin films.
(a) EDX spectrum of the a-BP thin films, confirming that pure phosphorus films
were obtained. (b) High-resolution TEM image of the 10-nm a-BP film, combining
the SAED pattern shown inset, revealing the highly disordered feature of the obtained
films. (¢) XRD pattern of the a-BP film grown on SiO5/Si substrate. The only emerged
peak is Si (400), further confirming the amorphous nature of the BP film. (d) Raman
spectra of the a-BP thin films with different thicknesses. (e) PL spectrum of the 2-nm
a-BP film under the excitation of an 808-nm laser.

The structure of the as-grown films was characterized by transmission electron
microscopy (TEM) and X-ray diffraction (XRD). From the energy-dispersive X-ray
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spectroscopy (EDX) results shown in Figure 1(a), the chemical composition of pure
phosphorus (P) was confirmed. The minor peaks of copper (Cu) are attributed to the
TEM grid. The amorphous nature of the samples was indicated by the high-resolution
TEM (HRTEM) and XRD as illustrated in Figure 1(b) and 1(c) respectively. These
samples were named as amorphous BP, instead of amorphous phosphorous, because their
short-range order of the lattice and their physical properties are close to BP, instead of
other forms of phosphorous. Most recently, another amorphous phase of phosphorous,
amorphous red phosphorus, was reported [31].

The films were further characterized by Raman spectroscopy. As shown in Figure
1(d), three BP characteristic peaks were observed in the Raman spectra of the a-BP
thin films with the nominal thicknesses of 2, 5, and 10 nm. As the thickness decreases,
the peaks become broader and the intensity decreases significantly. For the 2 nm thick
sample, the Raman peaks exhibit a shift of about 5 cm™! with respect to the thicker
films, which is consistent with the previous report [30]. This can be attributed to the
consideration that for ultrathin films, the vibrational modes are more easily influenced
by the highly disordered structure. Finally, the optical properties of the films were
characterized. The room temperature photoluminescence (PL) spectrum of the 2-nm
a-BP film is shown in Figure 1(e). A 1.53-¢V continuous-wave laser beam was used as
the excitation source. The emission peak is located at 0.85 eV, which is attributed to the
optical band gap of 2-nm a-BP. No PL was observed from the thicker films, suggesting
that their optical band gaps are not in this spectral range. We note that since the films
are covered by PMMA layers, their actual thickness cannot be confirmed by atomic
force microscopy. However, both PL. and Raman spectra confirms the 2-nm thickness
of the thinnest sample.

3. Results and Discussion

Transient reflection measurements [32] were performed to investigate photocarrier
dynamics in the a-BP samples at room temperature. We will mainly focus on the
2-nm film. Figure 2(a) illustrates the pump-probe scheme of the measurement. The
sample was excited by a 100-fs pump pulse with a photon energy of 1.57 eV, which
is obtained from a Ti:sapphire laser. The probe pulse is obtained from an optical
parametric oscillator that is pumped by the Ti:sapphire laser. The probe photon energy
is 0.80 eV, which is tuned to near the optical band gap of the sample in order to
effectively sense the reflectance change of the sample induced by the pump-injected
photocarriers. Both pump and probe are tightly focused on the sample by a microscope
objective lens. Differential reflection of the probe was measured by lock-in technique
to monitor the photocarrier dynamics [32]. The differential reflection is defined as,
AR/Ry = (R— Ry)/Ro , where R and Ry are the reflection of the probe pulse with and
without the presence of the pump, respectively. Measuring the differential reflection
over different relative delay times between the pump and probe pulses allows us to
time resolve the dynamics of the injected photocarriers. Figures 2(b) and 2(c) show
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Figure 2. Differential reflection of then 2-nm a-BP ultrathin film. (a) Schematics of
pump and probe scheme with respect to the electronic bands of the 2-nm a-BP film.
(b) Differential reflection of the 2 nm a-BP film for different values of pump fluence. (c)
Same as (b), but on a larger time range and in semi-logarithm scale (d) Peak AR/R,
signal as a function of pump fluence. The solid line shows a fit (see text). (e) The
decay times, t; (black) and t5 (red), obtained from from double exponential fits of the
data in (c) as a function of pump fluence.

the observed differential reflection signal, in short and long time ranges, respectively,
with various values of pump fluence. We found that the signals reach their peaks on an
ultrafast time scale, and then decay exponentially.

To understand the observed features, we first establish the relation between the
signal and the photocarrier density. Figure 2(d) shows the peak signal as a function
of the pump fluence, which is nearly proportional to the injected photocarrier density.
Below 50 pJ cm™2, the differential reflection is approximately proportional to the pump
fluence, and thus is proportional to the photocarrier density. A saturation effect can be
seen at fluences higher than 50 pJ cm™2. The fluence dependence was fit by a standard
saturation model, AR/Ry o< F/(F + Fyy), where Fy, is the saturation fluence, which
was found to be 120 uJ cm=2.

With an excess energy of 0.72 eV, the pump pulse injected free electron-hole pairs
with high kinetic energy. As shown in Figure 2(b), the signal reaches the peak on an
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ultrafast time scale, even though the probe is tuned to near the optical band gap. The
rising part of the signal can be modeled by the integral of a Gaussian function with
a full width of 0.45 ps, which is slightly longer than the cross-correlation width of the
pump and probe pulses of 0.35 ps. To understand this fast rising of the signal, we note
that the initially injected nonequilibrium distributions of the electrons and holes are
expected to undergo a thermalization process first, in which a thermal distribution is
established via electron-electron and hole-hole scattering. This process is followed by
an energy relaxation process via carrier-phonon scattering, in which these hot carriers
cool down to the lattice temperature of 300 K. Both processes increase the population
of carriers in the probed states near the band edge, and hence are expected to cause
an increase of the signal. The observed ultrafast rising time hence suggests that these
processes occur on sub-picosecond time scales in the a-BP ultrathin film. Ultrafast
thermalization and energy relaxation of hot carriers have been observed in other 2D
materials, such as transition metal dichalcogenides [33, 32] and graphene [34, 35|, which
can be attributed to the enhanced carrier-carrier and carrier-phonon interactions due to
the reduced dielectric screening effect. Since this enhancement also exists in ultrathin
a-BP, it is reasonable that these processes occur on a similar time scale. On the other
hand, carrier thermalization and relaxation can take several tens of picoseconds in bulk
semiconductors and quantum wells [36].

The decay of the signal can be fitted by double exponential functions, AR/ Ry(t) =
Ajexp(—t/ty) + Asexp(—t/tsy) + B, with two time constants ¢, and 5. Least-square-fits
were performed with Ay, Ay, B,t, and ty as fitting parameters. The fitting results are
shown by the solid curves in Figure 2(b) and 2(c). The two time constants are plotted
as a function of the pump fluence in Figure 2(e). Both time constants are independent
of the pump fluence (i.e., injected carrier density) below 50 pJ cm™2. The fast time
constant of about 3 ps could be attributed to exciton formation. Due to the enhanced
coulomb interaction between electrons and holes in this 2D system, the exciton binding
energy is expected to be large, and excitons should be stable at room temperature.
Ultrafast exciton formation from nonresonantly excited electron-hole pairs has been
observed in monolayer transition metal dichalcogenides, as a fast decay of the transient
reflection signal shorter than 1 ps [37, 38]. After this short transient, the rest of the
decay can be described by a time constant of about 400 + 20 ps, which is attributed
to the exciton lifetime. We note that the longer time constants at high pump fluences
could be attributed to the nonlinear dependence of the signal on the carrier density, as
shown in Figure 2(d). In that regime, the time evolution of the differential reflection
signal does not accurately reflect that of the carrier density.

It is interesting to note that even in the saturation regime, there is no sign of exciton-
exciton annihilation. Previous studies have shown that exciton-exciton annihilation
dominates dynamics of high density exciton populations in 2D TMDs [39, 40, 41, 42].
In our measurement, the injected exciton density is comparable to the saturation
density, as evident by the sub-linear power dependence shown in Figure 2(d). In this
regime, exciton-exciton scattering could cause faster decay of exciton population at
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Figure 3. Exciton diffusion in the 2-nm a-BP ultrathin film measured by spatially
resolved differential reflection. (a) Spatiotemporal differential reflection signal. (b)
Spatial Gaussian profiles for different delay times. (c¢) The squared width of the
Gaussian profiles as a function of the probe delay. The data is fit with a linear function
in order to extract the diffusion coefficient from the slope.

higher density, which is not observed in Figure 2(c). The absence of exciton-exciton
annihilation is beneficial for applications involving high-density photocarriers. However,
the mechanism of this effect is unclear.

To study the transport properties of excitons in a-BP, we performed spatially
resolved differential reflection measurements. Using the focused 1.57-eV pump pulse,
we injected carriers in the a-BP sample with a Gaussian profile of 2.5pum full width
at half maximum, which defined the spatial resolution of the study. Due to the
induced density gradient, excitons diffuse two dimensionally. We do not consider a
three dimensional diffusion as the sample is thinner than the injection depth of the
lasers and thus photocarriers are injected throughout the sample thickness and diffuse
in a planar direction. We then measured the differential reflection as a function of both
probe position and probe delay relative to the pump.

The result of this spatiotemporal measurement is shown in Figure 3(a). Here the
probe position is defined as the distance between the centers of the pump and probe
spots. As the excitons diffuse, the spatial Gaussian profile can be seen to expand,
showing a clear sign of diffusive transport. Figure 3(b) shows the Gaussian profiles for
several probe delays. Each profile was fit with a Gaussian function to extract its full
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Figure 4. Differential reflection and exciton diffusion in the 5- and 10-nm a-BP
ultrathin films (a) Differential reflection of the 2-, 5-, and 10-nm a-BP thin films
plotted on a log scale vs relative probe delay. (b) Spatiotemporal differential reflection
signal of the 5-nm a-BP film (c) Spatiotemporal differential reflection signal of the
10-nm a-BP film (d) The squared width of the Gaussian profiles as a function of the
probe delay for the 2-, 5-, and 10-nm a-BP films. Each dataset is fit with a linear
function in order to extract the diffusion coefficient from the slope.

width at half maximum. The squared width, w2, is plotted as a function of the probe
delay in Figure 3(c). In the diffusion process Wlth an initial Gaussian density profile,
the width of the profile expands as w? = wg +11.09Dt, where wy is the initial width and
D, the diffusion coefficient of the excitons [32]. With a linear fit to the squared widths
in Figure 3(c), we find a diffusion coefficient of about 5.3 & 0.5 cm?/s. We note that the
measurement was repeated at several locations of the sample and similar results were
obtained.

The exciton diffusion coefficient obtained is significantly larger than other
amorphous semiconductors. For example, in amorphous silicon, the most widely used
amorphous semiconductor, the photocarrier diffusion coefficient is on the order of 0.01
to 0.001 cm?/s [43, 44, 45, 46]. Exciton diffusion is a thermal motion process limited
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by scattering. Hence, the diffusion coefficient reveals the microscopic interaction of
excitons with their environment. Considering a room temperature thermal speed, v,
of about 10> m s™', the measured diffusion coefficient indicates a mean free time of
D/v* ~ 50 fs, or a momentum relaxation rate of 2 x 10'3/s, and a mean free path
of 5 nm. Furthermore, by using the measured exciton lifetime of 400 ps, we obtain a
diffusion length of v/ D7 = 450 nm.

The superior exciton transport property of a-BP makes it an attractive amorphous
material for optoelectronic applications. It is also interesting to compare the exciton
transport with charge carrier transport in a-BP, which is relevant for electronic
applications. Using the measured D and Einstein’s relation, u/e = D/kgt, where p, e,
and kg are the mobility, the elementary charge, and Boltzmann constant, respectively,

L This value is about

one can deduced an exciton mobility of about 200 cm? V~! s~
one order of magnitude larger than charge carrier mobilities deduced from transport
measurements [30]. The higher exciton mobility could be attributed to its relatively
smaller scattering rate with piezoelectric phonons and charge impurities, since excitons
do not have a net charge.

Similar experiments were also performed on the 5-nm and 10-nm a-BP films, with
the same pump and probe photon energies of 1.57 and 0.80 eV, respectively. Figure 4(a)
shows the differential reflection signal measured for a-BP ultrathin film samples with
thicknesses of 2 (black squares), 5 (red squares), 10 nm (blue squares), respectively.
It can be clearly seen that the signals from thicker samples are significantly smaller.
Similar to crystalline BP, we expect the band gap of a-BP to decrease with increasing
the thickness. The 0.80-eV probe is tuned to the optical band gap of the 2-nm sample,
and hence is expected to couple to higher energy states where the transient absorption
is expected to be smaller. The deduced carrier lifetimes are similar to the 2-nm sample.
The small difference could be attributed to sample-to-sample variation.

Finally, we attempted to measure the exciton diffusion coefficient in the 5- and
10-nm samples with the spatially resolved differential reflection measurements. These
results are shown in Figures 4(b) and 4(c). The squared width, found by fitting the
spatiotemporal data with Gaussian functions for the different probe delays times, is
shown in Figure 4(d). The results from the 2 nm sample (black squares) is also plotted
for comparison. As before, all three datasets were linearly fit in order to extract the
diffusion coefficients from the respective slopes. It can clearly be seen that the slope
decreases with thickness of a-BP. Excitons were found to diffuse in the 5-nm film with
a diffusion coefficient of 3.4 £ 0.4 cm? s~!. This is reasonably consistent with the 2-
nm sample, considering sample-to-sample variations. Finally, the diffusion coefficient of
excitons in the 10-nm sample is not measurable, which could be attributed to the small
differential reflection signal of the sample.
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4. Conclusion

We have shown that large area and uniform atomic layers of amorphous black
phosphorus synthesized at low temperature possess a surprisingly high exciton diffusion
coefficient and long exciton lifetime. Temporally and spatially resolved pump-probe
measurements revealed that in ultrathin films of 2 nm the exciton in-plane diffusion

coefficient is about 5 ecm? s!, which is at least two orders of magnitude larger than

amorphous silicon and corresponds to an exciton moblity of about 200 cm? V~! s71.

Combined with a long lifetime of about 400 ps, the exciton diffusion length reaches 450
nm. The results show that two-dimensional amorphous black phosphorus has potential
for less expensive, better performing optoelectronic devices.
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